Bacterial strains capable of degrading trichlorophenol (2,4,6-TCP) were isolated from the secondary sludge of a pulp and paper mill and were characterized. These isolates were identifi ed as Planococcus rifi etoensis (CL4) and Bacillus pumilus (CL5), based on their 16S rRNA sequence analysis. These isolates were able to grow and utilize 2,4,6-TCP as their source of carbon as well as energy. HPLC analysis and stoichometric release of chloride in the medium confi rmed the degradation ability of these isolates. Removal effi ciency of 2,4,6-TCP by these isolates was discovered to be high. They were able to remove 90% of 2,4,6-TCP when grown at a concentration of 600 mg L 1 . Inoculation of these bacteria completely removed 2,4,6-TCP within 2 weeks from the sludge of the pulp and paper mill when supplemented at the rate of 100 mg L 1 . Absorbable Organic Halogen (AOX) and Extractable Organic Halogen (EOX) were signifi cantly reduced by 63% and 70% respectively from the sludge due to inoculation of these bacteria. These isolates have high potential to remove 2,4,6-TCP and may be used for removal of 2,4,6-TCP from pulp paper mill waste.
Introduction
Chlorophenols, which have been produced industrially on a large scale, constitute a signifi cant class of environmental pollutants. Tricholophenols are widely used as biocides in wood treatment, fl ame retardants (Atuanya et al., 2000) , preservatives for leather and textile goods (Kharoune et al., 2002) , solvents and as reagents in synthetic chemistry (Aranda et al., 2003) . Their toxicity and persistence (Armenante et al., 1995) have led to their detection in soils, sediments and natural water (Gardin et al., 2001) as well as in the food chain. Aquatic environments may contain chlorophenols resulting from the kraft bleaching process (Martinez et al., 2000) or chlorination of water supplies for the purpose of disinfection (Ahlborg and Thunberg, 1980) . The pulp and paper mill effl uent contains diverse kinds of pollutants. Some of these pollutants are naturally occurring polymers (tannins, resin acids, stillbenes, lignin, etc.), while others are xenobiotic compounds that are formed or used during the process of pulping and paper making. Common examples are chlorinated lignins, resin acids and phenols, dioxins, furans, poly aromatic compounds, and plasticizers, (Peck and Daley, 1994) . A major component of kraft paper mill effl uents is chlorinated phenols formed by the chlorination of lignin. Among them, 2,4,6-TCP was determined to be a principal contaminant, occurring at concentrations ranging from 0.15 to 0.33 ppm in bleaching mill effl uents (Jordan et al., 2002) . Out of six isomers of trichlorophenol, 2,4,5-and 2,4,6-isomers have been placed on the U.S. Environmental Protection Agency s list of priority pollutants (Sittig, 1981) . 2,4,6-TCP is less recalcitrant than pentachlorophenol but more recalcitrant than phenol.
The environmental fate of chlorophenols may include degradation by naturally occurring microorganisms (Aranda et al., 1999; Martinez et al., 2000) . Several different models have been proposed for the biodegradation of different chlorophenolics (Armenante et al., 1995; Chen et al., 2003; Crosby, 1981; Dominguez et al., 2002) . This information provides the potential risk that a compound carries during its exposure to, and degradation in the natural environment or for ex situ treatment of contaminated sites. Primary degradation of the compound may not correlate well with the ultimate removal of the compound s environmental toxicity. Chloride ion release, coupled with other factors, has been utilized to follow chlorophenolic degradation (Aranda et al., 2003) .
Several bacterial isolates were reported to degrade 2,4,6-TCP, among them Arthrobacter sp., Pseudomonas saccharophila, P. pickettii, Rhodopseudomonas sp. K13, Nocardioides sp. K44, Sphingomonas strains, Alcaligenes eutrophus, Ralstonia eutropha, Azotobacter sp., Streptomyces rochei and Novosphingobium lentum (Field and Sierra-Alvarez, 2008 ). There are still many unknown bacteria that have tremendous degradation capacity for 2,4,6-TCP present in nature and it is important to asses the potential of these isolates for degradation of 2,4,6-TCP.
The aim of the present study was to isolate and characterize any effi cient bacteria for degradation of 2,4,6-TCP from pulp and paper mill sludge. The bacteria were tested for their ability to degrade different concentrations of 2,4,6-TCP and also removal of 2,4,6-TCP from the secondary sludge obtained from a pulp and paper mill.
Materials and Methods
Sample collection and isolation of bacteria. Secondary sludge samples from a pulp and paper mill were collected from M/s Shree Gopal Unit (BILT) Yamunanagar, Haryana (India). The composition of wastewater was as follows: pH 7.1; mixed liquor suspended solids (MLSS) (g/L) 4.08; mixed liquor volatile suspended solids (MLVSS) (g/L) 3.48; COD (mg/L) 485; DO 0.5 and color (Pt/CO scale) black. Isolation of 2,4,6-TCP tolerant bacterial strains were done by an enrichment technique in mineral salt medium (MSM) (Sharma et al., 2009) 0.2 prior to autoclaving. Bacteria were isolated and purifi ed by repeated streaking on MSM agar plates. The plates were incubated at room temperature (37 C) for 48 h and colonies which appeared were selected for further screening. The potent isolates CL4 and CL5 were selected, based on their degradation abilities, for further studies.
Morphological and biochemical characterization of bacteria. The biochemical characterization of CL4 and CL5 was done according to Bergey s Manual of Systematic Bacteriology (Holt et al., 1994) . Pure cultures were subjected to microscopic examination for the shape and size. Gram stain, catalase, oxidase, citrate utilization, lysine, ornithine TDA, nitrate reduction, urease and starch hydrolysis tests were performed following the standard methods. Antibiotic profi ling was performed by using ICOSA universal-1 kit (Himedia Laboratories, Mumbai, India), having twenty different antibiotics of various concentrations, according to the manufacturer s instructions. A total of 35 carbohydrate fermentation tests were performed according to the manufacturer s directions (Himedia Laboratories).
Amplifi cation of 16S rRNA and sequence analysis. Genomic DNA was extracted from cultures grown overnight and 16S rRNA genes were amplifi ed as described in Karn et al. (2010) . The amplicons were purifi ed with a QIA gel extraction kit (Qiagen, USA), and ligated into the pGEM-T easy vector as per the manufacturer s instructions (Promega Inc., USA). Ligated plasmids were transformed into Escherichia coli DH5α cells and recombinant clones with inserts were sequenced (DNA Sequencing facility, Delhi University, India). The sequences were compared against the available DNA sequences in GenBank using the BLASTN (Altschul et al., 1997) of the NCBI database to identify the bacteria. The sequences were aligned Degradation of 2,4,6-TCP by bacteria using the MAFFT (http://mafft.cbrc.jp/alignment/server/) program, the alignment was manually corrected and a phylogenetic tree was constructed using the MEGA5 (Tamura et al., 2011) software.
Degradation studies. The degradation studies were performed by inoculating 1% inoculum (10 6 cfu/ ml) of CL4 and CL5 separately in 250 ml Erlenmeyer fl asks containing 50 ml of minimal salt medium supplemented with 100 mg L 1 (0.5 mM) 2,4,6-TCP. The fl asks were incubated at 37 C under shaking conditions (120 rpm) for up to 168 h. Growth was determined by measuring the optical density at 600 nm and by the depletion of 2,4,6-TCP observed at HPLC by sampling of the culture at 24 h interval. Chloride ion concentrations in the cultures were measured every 24 h up to 168 h using a chloride ion specifi c electrode (Orion ion analyzer model 940) that was standardized against a wide range of known chloride standards in mineral salt medium.
HPLC was carried out on a Perkin Elmer Series 200 system. The cell suspension was centrifuged (8,000 rpm, 5 min) and the supernatant was fi ltered through a 0.22 μm fi lter. Ten microliter samples were injected on a reverse phase Licrosphere ® 100 RP-18 end capped column (250 mm 4.6 mm i.d.). The column was eluted in an isocratic mode using aqueous methanol (90%, v/v) at a fl ow rate of 1 ml min 1 . 2,4,6-TCP was monitored at 280 nm with an online diode array detector (series 200). 2,4,6-TCP was quantifi ed from the standard curve prepared by injecting known quantities of 2,4,6-TCP (Sigma Aldrich, USA) on the same column.
The effect of different concentrations of 2,4,6-TCP on the degradation ability of CL4 and CL5 was also studied. These bacterial isolates were inoculated (10 6 cfu/ml) to 250 ml Erlenmeyer fl asks containing 50 ml of MSM supplemented with different concentrations (50, 100, 200, 400, 600 mg L 1 corresponding to 0.25, 0.5, 1.0, 2.0, 3.0 mM) of 2,4,6-TCP separately. The fl asks were incubated at 37 C under shaking conditions for 168 h. The degradation of 2,4,6 -TCP in the culture fi ltrate was determined by HPLC following the procedure mentioned above.
Degradation studies of 2,4,6-TCP in sludge. The degradation ability of a consortium comprised of CL4 and CL5 was analyzed in 2.5 L conical fl asks containing 1 L of sludge supplemented with 100 mg L 1 (0.5 mM) of 2,4,6-TCP and inoculated with 5% of inoculum (10 6 cfu/ml). The sludge sample was autoclaved before inoculation. The fl asks were incubated at 37 C under shaking conditions for 2 weeks. For extraction of 2,4,6-TCP from the sludge, the sonicated sludge sample was acidifi ed by 1 M HCl to pH 2.0. It was then extracted three times with an equal volume of ethyl acetate by intermittent shaking for 30 min in standard separating funnels. The organic layer was dried over anhydrous sodium sulphate. Filtered samples were evaporated to dryness at 40 C, and subsequently resuspended in 1 ml of methanol, followed by injection on an HPLC for quantifi cation of the remaining 2,4,6-TCP.
Analyses of sludge samples. Sludge samples were analyzed before and after the bacterial treatment for different parameters such as pH, C, H, N, O analysis, proteins, zeta potential, AOX and EOX. One gram of sludge sample was taken and oven dried at 105 C for 24 h. The sample was then ground in an analytical mill to obtain particles having a size of about 0.1 mm. The dried sludge sample (10 100 mg) was taken for C, H, N, O analysis using an Elemental analyzer (Thermo Scientifi c, USA). Zeta potential was analyzed by adjusting the pH of the sample to neutral and placing the sample in zeta potential analyzer, Muteck SZP06 (BTG Mutek GmbH, Germany). Total protein was estimated by the Folin-Lowey method (Lowry et al., 1951) . The AOX and EOX concentrations were determined by using a Euroglas Netherlands instrument ECS-2000 according to the manufacturer s recommended procedure.
Statistical analysis. Data were subjected to analysis of variance using ANOVA software and the averages were compared by the Tukey-Kramer Multiple Comparison Test at p < 0.05. Three replicates were prepared for each treatment. All the analyses were performed using GraphPad Prism (v 4.03) software.
Results and Discussion

Isolation and identifi cation of bacterial isolates
Two bacterial isolates, CL4 and CL5, were selected, based on their ability to grow on 2,4,6-TCP-amended medium. The biochemical characterization results are presented in Table 1 . These isolates were further identifi ed by 16S rDNA sequence analysis. BLAST analysis revealed that CL4 showed 98 100% (99% coverage) similarity to Planococcus rifi etoensis and CL5 with Bacillus pumilus (99% similarity with 100% coverage. Phylogenetic analysis also grouped CL4 with Planococcus rifi etoensis and CL5 with Bacillus pumilus (Fig. 1 ). 16S rRNA gene sequences determined in this study were deposited in GenBank of the NCBI under the accession numbers EU784651 and EU784652 for CL4 and CL5, respectively.
Degradation studies
Both CL4 and CL5 isolates were able to grow and mineralize 2,4,6-TCP using it as the carbon and energy source. The growth of CL4 increased up to 120 h and decreased thereafter, whereas growth of CL5 increased up to 144 h and decreased thereafter (Fig. 2a) . Degradation of 2,4,6-TCP increased with time and the maxi- Numerical values indicate bootstrap percentile from 1,000 replicates. E. coli was used as an out-group taxon. mum removal of 2,4,6-TCP (above 90%) was observed at 144 h (Fig. 2b) . During the course of bacterial treatment, 2,4,6-TCP was mineralized and the liberation of inorganic chloride ions in culture medium was observed (Fig. 2c) . The chloride ion concentration increased consistently with the increase of 2,4,6-TCP degradation. The amount of 2,4,6-TCP utilized and chloride ion released (mentioned in parenthesis) for different time intervals 24, 48, 72, 96, 120, 144 The above observation suggests that liberation of chloride ions in culture medium is the result of complete mineralization of 2,4,6-TCP (Fig.1c) .
The growth of CL4 and CL5 decreased with an increase in the concentration of 2,4,6-TCP in the medium (Fig. 3a) . CL5 tolerated higher concentrations of 2,4,6-TCP (600 mg L 1 or 3.0 mM) compared to CL4. Degradation of 2,4,6-TCP decreased with increase of concentration in both isolates. Maximum degradation of 89% was observed with CL5 isolate compared to CL4, where the degradation ability was 83% at 600 mg L 1 (3.0 mM) of 2,4,6-TCP (Fig. 3b) . Maximum concentration of 2,4,6-TCP degradation reported for pure cultures of bacteria in the literature is about 200 mg L 1 (1.5 mM) (Field and Sierra-Alvarez, 2008 ) except for Azatobacter sp. where this organism utilized up to 800 mg L 1 (4.0 mM) of 2,4,6-TCP (Li et al., 1991) . However, the authors have reported that lag phase and degradation were severely prolonged above 500 mg L 1 (2.5 mM) of 2,4,6-TCP concentration. Present study results demonstrated that CL4 and CL5 have the ability to degrade 2,4,6-TCP at higher concentrations (600 mg L 1 or 3.0 mM) than previously reported in the literature.
Removal of 2,4,6 -TCP in sludge
The degree of removal of 2,4,6-TCP in the sludge was tested by inoculating the isolates as consortia into the sludge. The initial 2,4,6-TCP concentration of the sludge was about 0.1128 mg L 1 (0.004 mM), and an additional 100 mg L 1 (0.5 mM) of 2,4,6-TCP was amended to the sludge before examining the degradation potential of the consortium in the sludge. The HPLC chromatogram of the control and experimental samples shown in Fig. 4 reveals that the consortium was able to remove 2,4,6-TCP completely from the sludge within a 2-week period. The survival of the consortia was monitored by determining the growth. The growth of these isolates increased from the initial cfu of 2 10 4 to 9 10 6 cfu/ml within 2 weeks. Sludge characteristics also changed due to the inoculation of bacteria. pH of the sludge slightly decreased. Protein and carbohydrate levels increased slightly whereas C, H, O levels decreased compared to their initial values as a result of the inoculation. AOX and EOX of the sludge sample also signifi cantly decreased 63% and 70%, respectively, compared to their initial values (Table 2).
Aerobic bacteria utilize two main strategies for degradation of chlorophenolic compounds (Solyanikova and Golovelva, 2004) . Lower chlorinated phenols (1 to 2 chlorine substituents) are initially degraded by monooxygenases, resulting chlorocatechols as the fi rst intermediates (chlorocatechol pathway), which subsequently undergo ring cleavage prior to dechlorination. On the other hand, polychlorinated phenols (3 to 5 chlorines) are converted to chlorohydroquinones as the initial intermediates (hydroquinone pathway). Subsequent reactions progressively remove chlorines from the ring prior to ring cleavage. Liberation of chloride ions in the medium can be considered as the result of mineralization of chlorinated compounds by the bacteria. Loh and Chung (2000) have reported an increase in chloride concentration in the medium due to breaking of chlorolignin compounds present in the waste water. Chandra et al. (2009) have clearly evidenced the liberation of signifi cant amounts of chloride as the results of bacterial biodegradation (dechlorination) of pentachlorophenol and other chlorinated phenolic compounds present in pulp and paper mill effl uent. Available data for earlier studies have indicated that dechlorination of chlorinated organic pollutants may be a necessary mechanism of the bacteria to survive in the toxic environment (Rutgers et al., 1997; Yang et al., 2005) , with the concomitant production of biomass linked to chlorophenol utilization (Kharoune et al., 2002) . Reports are available on the degradation of 2,4,6-TCP by some bacteria which include Arthrobacter sp., Pseudomonas spp., Rhodopseudomonas sp., Sphingomonas sp., Nocardioides sp., Alcaligenes eutrophus, Ralstonia eutropha, Azotobacter sp., Streptomyces rochei, and Novosphingobium lentum (Field and Sierra-Alvarez, 2008 and references therein). We are reporting for the fi rst time the degradation of 2,4,6-TCP by Planococcus rifi etoensis and Bacilllus pumillus, which are capable of removing 2,4,6-TCP under laboratory conditions as well as in the sludge samples.
The hazard assessment of pulp and paper effl uents in the aquatic environment is a complex task. Hundreds of individual compounds in pulping effl uents and site-specifi c differences in processes, effl uent treatment, and receiving ecosystems hinder hazard assessment. As a result, it is diffi cult to relate environmental effects with specifi c contaminants (Martin and Manzanares, 1994) . Earlier studies on the treatment of the paper mill effl uents using white-rot fungi have reported the high removal effi ciency for AOX and EOX from Kraft pulp bleaching of 32% and 36%, respectively by incubation by Ceriporiopsis subvermispora CZ-3 (Martin and Manzanares, 1994; Sahoo and Gupta, 2005) . In the present study we have observed the much higher removal effi ciency of AOX and EOX of 63% and 70%, respectively, due to bacterial inoculation.
In-situ remediation of 2,4,6-TCP released into the environment may be accomplished by its transformation through natural chemical or biological processes. Biodegradation of 2,4,6-TCP is an effective process Values are mean SD (n = 3).
under aerobic conditions. Successful treatment of contaminated wastewater containing chlorinated phenols has been performed in pilot and fi eld-scale studies involving aerobic organisms such as Flavobacterium species and Rhodococcus species (Apajalahti and Sakinoja-Salonen, 1986; Salkinoja-Salonen et al., 1983) . In-situ remediation of 2,4,6-TCP studies that were reported previously dealt mainly with soils contaminated with the chlorinated compounds (Baker and Mayfi eld, 1980) . Very few reports are available which dealt with sludge samples (Sanchez et al., 2004; Smith and Novak, 1987) . Snyder et al. (2006) reported complete removal of 2,4,6-TCP (100 mg L 1 (0.5 mM) by aerobic mixed microbial culture obtained from the aeration basin of a wastewater treatment plant. The consortia of the bacterial isolates used in this study were able to degrade 2,4,6-TCP completely from the sludge sample when the concentration of 2,4,6-TCP was more than 100 mg L 1 (0.5 mM). In conclusion, both P. rifi etoensis and B. pumilus isolated from the secondary sludge of pulp and paper mill have high potential to remove 2,4,6-TCP and they can be applied to remediate 2,4,6-TCP-contaminated sites.
